The Switched Reluctance generator (SRG) has been widely used as a constant voltage source due to its advantages of simple structure, low cost and high control flexibility. However, the output voltage ripples cannot be ignored due to its unique operating principle with phase commutation. In this paper, the influence of the control parameters on the output voltage ripples are analyzed, and a fly-wheeling pulse train (FW-PT) control strategy is proposed to suppress the voltage ripple. The output voltage can be regulated by the FW-PT control strategy by using two or more sets of preset control pulse combinations, therefore it has the advantages of simple circuit implementation, no Network compensation and fast response speed. The characteristics of steady-state and dynamic behaviors of the switched reluctance power generation system by using different control strategies are simulated and compared, and a platform of 200W 8/6 SRG is built for experimental verification. Simulation and experimental results confirm that compared with the traditional PID control strategy, the FW-PT control strategy can be used to not only suppress the output voltage ripple, but also achieve faster response and dynamic characteristics.
I. INTRODUCTION
A switched reluctance motor (SRM) has the advantages of simple structure, fault tolerance, high operating efficiency, strong mechanical characteristics, low temperature rise. Therefore, it has been widely used in wind power generation systems, aerospace, mining, textile and many other industrial scenarios [1] - [3] . An SRM can also operate as a generator by changing its control strategies for which, it is called a switched reluctance generator (SRG). An SRG has unique characteristics of no rotor windings, no brushes, and no permanent magnets. Hence, it can achieve low manufacturing cost, low copper consumption and highpower generation efficiency. In addition, the stators and rotors of SRG systems are controlled synchronously, and the stability of system can also be guaranteed even when the operating frequency is low [4] - [7] . However, the existence of large output voltage ripples degrades the power generation performance.
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At present, many research efforts have been put on reducing the output voltage fluctuation and voltage stabilization of switched reluctance power generation systems (SRPGS). Aiming at suppressing the output voltage fluctuation of SRG, a previous paper [8] designed the filter to regulate the output voltage by optimizing the topological structure and parameters, which can effectively reduce the voltage harmonics. However, the parameters of filter are difficult to determine and the pressure building process is relatively long. In a previous paper [9] , a sliding mode variable structure controller based on genetic algorithm optimization was designed, which focused on solving the voltage pulsation caused by factors such as speed of rotation and load changes during the operation process, but by introducing a genetic algorithm optimization module, it makes the system more complicated. Literature [10] achieves the effect of stable output voltage by changing the excitation voltage of the output voltage, which ignores the influence of other control quantities on the output voltage. In a previous paper [11] , a digital control method was designed to use two preset pulse trains, which were combined with current chopping control to regulate the SRPGS. It has better steady-state performance in the open-loop state, but ignores the dynamic performance of the power generation system. In paper [12] , based on the analysis of pulse train (PT) control, a control method based on capacitive current is proposed, which is applied to the SRPGS to reduce the output voltage ripple. The feasibility of PT control used in SRPGS is verified. However, there is no indepth analysis of the dynamic characteristics of SRPGS with PT control.
This paper focuses on the application of PT control used in SRPGS, based on which, a fly-wheeling pulse train (FW-PT) control for the SRPGS is proposed. The FW-PT control only adjusts the output voltage by two or more preset control pulse combinations, and has the advantages of simple circuit implementation, no network compensation and fast response [13] - [15] . In addition, this paper analyzes the voltage ripple of SRG and the influence of FW-PT control on the SRPGS when applying different parameters. Furthermore, the influence of load mutation on the voltage regulation is studied. The steady and dynamic characteristics of the SRPGS under different controls are analyzed. In the end, the simulation comparison analysis is carried out and an experiment platform of 200W 8/6 SRG is built for experimental verification.
II. ANALYSIS OF VOLTAGE FLUCTUATION OF SRG A. SWITCHED RELUCTANCE POWER GENERATION SYSTEM
An SRG is a doubly salient varied reluctance motor, in which the convex sections of rotors and stators are laminated by ordinary silicon steel sheets [16] , [17] . Figure 1 shows the schematic of a typical 4-phase 8/6 SRG.
When the generator is rotated clockwise to the position as shown in Figure 1 , with S 1 and S 2 closed, the winding of phase A is excited by the power supply US. According to the principle of "the shortest magnetic circuit", the rotor is subjected to a counterclockwise torque, and the mechanical energy on the rotor is converted into magnetic energy, which is stored in the magnetic field. With S 1 and S 2 opened, the energy stored in the magnetic field is fed back to the power supply US through the circuit formed by D 1 and D 2 , and the mechanical energy is converted into electric energy. Therefore, the SRG completes the conversion from mechanical energy to electrical energy. The power converter circuit of the SR power generation system is mainly divided into self-excited and separately excited ones, which is selected according to actual conditions in practical applications. Figure 2 shows a typical four-phase asymmetric half-bridge circuit. This excitation mode can completely isolate the excitation power supply from the power generated by the windings, which has good controllability and stability [18] .
B. ANALYSIS OF VOLTAGE FLUCTUATION
Due to the existence of nonlinear inductance, the irregular phase winding and parallel capacitance charges and discharges periodically, which leads to the fluctuation of the output voltage [19] , [20] . The current flows from SRG during the power generation process is shown in Figure 3 .
In the case of self-excitation, it can be derived as
where, i G is the generator current. The capacitance voltage u c can be obtained from (1) and (2) as
where, θ on is the conduction angle, θ off is the turn off angle, and C 1 is the integral constant.
In the separately excited mode, when SRG operates in the fly-wheeling phase, the relationship of the currents is shown in (2) , and when SRG is operated in the excitation phase, the capacitor is discharged. It can be expressed as The capacitance voltage u c can also be achieved by
where, C 2 and C 3 are integral constants, and θ end is the end angle of the freewheeling phase. It can be seen from (3) and (5) that the output voltage u c is mainly affected by the parameters R, C, θ on , θ off , and i G .
III. FW-PT CONTROL A. TRADITIONAL CONTROL OF SRG
Since the excitation and armature windings of an SRG are both stator windings, the excitation and power generation processes must adopt periodic time-sharing control. The excitation process is controllable, but at the same time, the power generation process is uncontrollable. Therefore, the power generation system is generally controlled by adjusting the excitation current. The traditional control methods of SRG can be generally divided into angular position control (APC), current chopping control (CCC) and pulse width modulation (PWM) [21] , [22] . Figure 4 shows typical phase current waveforms of SRG. In the excitation phase (θ on < θ < θ off ), the excitation current is adjusted by controlling the on/off states of the switches and the output voltage is further adjusted. Figure 5 shows the on/off states of the switches with voltage closed-loop PWM control. Figure 5a shows that the switches S 1 and S 2 are conducted, and at this moment, the DC source is used to excite the winding. When the output voltage (feedback voltage) is higher than the preset voltage, S 1 and S 2 are turned off. As shown in Figure 5 (b), the winding current flows through the diodes D 1 and D 2 . Thereby, the excitation current and the output voltage are reduced. Figure 5 (c) shows that only the fly-wheeling circuit is active through D 2 and S 2 , which is called soft chopping. At this stage, the flux linkage remains unchanged during the fly-wheeling chopping process.
Ignoring the voltage drop on the switches, the voltage across the winding of phase A can be expressed by
where, V 0 is the output voltage of SRG under separated excitation model.
B. FW-PT CONTROL OF SR POWER GENERATION SYSTEM
The traditional PT control adjusts the phase currents according to the relationship between the sampling and reference voltages, and adjusts the output voltage further. Compared with the conventional PID control, the PT control adjusts the output voltage by two or more preset control pulse combinations. Meanwhile, it has the advantages of simple circuit implementation, no network compensation and fast response. The waveforms of the SR power generation system under the traditional voltage closed-loop PWM and PT control are shown in Figure 6 . Figure 7 (a) shows the waveforms of the output voltage of a typical 4-phase SR power generation system under voltage closed-loop PWM control. In the excited phase, the filter capacitor is periodically charged and discharged, and the Figure 7 that when the rotor rotates to the conduction position of phase A winding (θ on < θ < θ off ), switch S 2 is turned on at this time, and the duty cycle of S 1 is adjusted according to the feedback voltage u c . However, the excitation current of phase A is adjusted according to the voltage fluctuation caused by the freewheeling current of the phase D winding with the filter capacitor charging and discharging. By that analogy, it can be considered that the traditional control methods of the SRG, which control the excitation current, are hysteresis controls that control the fly-wheeling phase by indirectly adjusting the excitation current.
In order to solve the hysteretic control of the SR power generation system, this paper proposes a new method that is called FW-PT control, which achieves an excellent effect on voltage ripple by controlling the pulse trains of the fly-wheeling phase. Figure 8 is the schematic diagram of the SR power generation system with FW-PT control. Similar to PT control, FW-PT control selects the high and low duty cycles pulse trains by comparing the output voltage V 0 with the reference value V REF . However, FW-PT control is only used in the fly-wheeling phase to control the fly-wheeling current. During the excited phase, the switches S 1 and S 2 are both turned on, and the phase windings are fully excited. Whereas, in the fly-wheeling phase, S 1 is turned off and S 2 is controlled according to the comparison of the output voltage V 0 and the reference value V REF . When the lower switch S 2 is turned on, the winding current flows through S 2 and D 1 to form a freewheeling circuit, and the filter capacitor discharges the load and the output voltage drops. The output voltage can be maintained at a given value by switching the high and low duty cycle pulse trains. Figure 9 shows the relevant waveforms with FW-PT control. It can be seen that high and low pulse trains are applied in the fly-wheeling phase. When the clock signal arrives, the output voltage V 0 and the reference value V REF are compared, and the result of the comparison is sent to the delay flip-flop. Furthermore, when the output voltage V 0 is greater than the reference value, the output terminal Q of the delay flip-flop is 1 andQ is 0. Meanwhile, the high duty cycle pulse PH is selected as a control signal of S 2 through a logic OR gate circuit to reduce the output energy. Similarly, when the output voltage V 0 is smaller than the reference value, the output terminal Q of the delay flip-flop is 0 andQ is 1, Meanwhile, the low duty cycle pulse P L is selected as a control signal of S 2 through a logic OR gate circuit to increase the output energy.
It can be seen from the above illustration that the on/off states of S 1 indicate the operating state (excitation or flywheeling) of the SR power generation system. When the SRG VOLUME 7, 2019 is operating in the freewheeling phase, the output control pulse from the FW-PT controller is applied to S 2 to directly control the output voltage. The control pulse selection is expressed by
Since the inductance value of the phase windings changes by the variation of θ, when SRG is operating in the fly-wheeling phase, during the conduction period of S 2 , the phase current is raised nonlinearly. On the contrary, when S 2 is turned off, the phase current is decreased nonlinearly. Moreover, when the inductance current i L is greater than the load current i 0 , the inductance current i L is used for supplying power to the load, the excess inductance current (i L -i 0 ) is employed to charge the capacitor, and the output voltage can be increased. Conversely, when the inductance current i L is smaller than the load current i 0 , all the inductance current i L is supplied to the load, the insufficient part of the required current (i 0 -i L ) is supplemented by the capacitor discharge current (-i C ), and the output voltage drops.
It can be known from (7) that the pulse train selection of the FW-PT control is opposite to the conventional PT control.
Consequently, when the output voltage V 0 is greater than the reference value V REF , the FW-PT control selects the high duty cycle pulse train PH. On the contrary, when the output voltage V 0 is smaller than the reference value V REF , the FW-PT control selects the low duty cycle pulse train P L .
C. THE ANALYSIS OF VOLTAGE RIPPLE UNDER FW-PT CONTROL
As shown in Figure 4 , when the current is operated at phase (θ on , θ off ), the current can be expressed by
When the current is at phase (θ off , θ 5 ), the current can also be obtained by
According to, ψ(θ) = L(θ) * i(θ), the flux linkage can be written by
The relationship between phase current and flux linkage with rotor position θ is shown in Figure 10 .
The voltage ripple amplitude can be obtained from (5), which can be expressed by The voltage ripple can further be expressed as
where, P 0 is the output power, θ max is the position where the output voltage is largest. It can be seen from (11) that as the time constant τ and the angular velocity ω r increase, the voltage ripple u decreases. The smaller θ on is and the larger θ off is, the larger both the excited current and the voltage ripple will be. Figure 11 is a structural diagram of a 4-phase 8/6 SR power generation system. During the voltage build-up phase, there is no control during the excitation phase, which ensures that the output voltage rises rapidly. In the cases of loading and unloading, the output voltage also has a conspicuous jump. The FW-PT controller mainly feeds back the output voltage as a state quantity to the controller. Through a reasonable control of the design parameters of the pulse trains of the fly-wheeling phase, the FW-PT controller ensures that the SRG can reach the rated voltage quickly without overshoot. In addition, by adjusting the duty cycle P H and P L , it is ensured that the system can achieve excellent control effects when loading and unloading are within a certain range. The working flow chart of the FW-PT controller is shown in Figure 12 . 
D. THE DESIGN OF FW-PT CONTROLLER

IV. SIMULATION AND EXPERIMENTAL VERIFICATION
In order to verify the correctness of the theoretical analysis, based on the analysis of the SR power generation system and the FW-PT control, the simulation model of the 8/6 SRG shown in Figure 13 is built in the MATLAB/Simulink environment.
On the basis of simulation, the experimental platform of the SR power generation system shown in Figure 14 is also built by hardware design. The simulation and experimental parameters are shown in Table 1 . The purpose of the simulation and experiment is to analyze the influence of the proposed control strategy on the operation performance of SRG, and compare the control effect of the FW-PT controller with the traditional PID controller from overshoot, response time and stability.
The starting process of the SR power generation system with FW-PT control can be summarized as: in the case of constant speed, the SRG starts, and the excitation section has no control effect and the voltage is quickly established. When the phase winding is operated in the fly-wheeling phase, the selection of the high pulse train P H and no network compensation ensure that the overshoot does not appear during the process of establishing the voltage. In addition, real-time control of the output voltage is achieved by a reasonable selection of the duty cycle of the trigger signal. Figure 15 shows the main simulation waveforms of the SR power generation system with traditional PID control at a constant speed. When the SR power generation system reaches a steady state, it can be seen from Figure 15(a) , the output voltage reaches a given value of 48V, and its ripple is large. The waveform of the phase currents of the winding is in a steady state with the maximum value of 4A. With the control signals of S 1 and S 2 , the voltage of phase A is changing in the excitation stage. When phase A is working in flywheeling stage, the phase voltage is 48V, which is the output voltage. Figure 16 shows the main simulation waveforms of the SR power generation system with the traditional PT control. The high and low pulse trains have duty ratios of 0.8 and 0.6 respectively with a frequency of 5 kHz. Compared with the traditional PID control, when the system reaches a steady state, the output voltage V 0 is stabilized at 48V, but its ripple is large and reaches 1.2V, the waveform of the phase currents of the winding is in a steady state with the maximum value of 4A. It can be seen from Figure 16(b) , with the change of output voltage, the controller chooses the control signal between P H and P L . Figure 17 shows the main waveforms of SR power generation system with FW-PT control. The high and low pulse trains duty cycles are 0.85 and 0.65, respectively with the frequency of 5 kHz. With FW-PT control, after the system reaches the steady state, the output voltage V 0 is stabilized at 48V, and the ripple is about 0.5V. Compared with the traditional PI and PT controls, the voltage ripple in the case of FW-PT control is much smaller. Besides, the peak value of the phase current under the FW-PT control is about 12A. It can be seen from Figure 17 (b) that at the excitation stage, S 1 and S 2 are fully on. The difference from other control methods is that the control signal of S 2 works at the fly-wheeling stage. Figure 18 shows the voltage waveforms of the SR power generation system at the instants of starting and changing loads under the traditional PI, PT and the FW-PT controls. It can be seen that in the starting phase of the SR power generation system, the output voltage under the traditional PI control has a large overshoot, and reaches the steady state after about 0.06s. Whereas, with the traditional PT control, due to the limitation of preset duty cycle pulse and no network compensation, the output voltage has a smaller overshoot, and after about 0.04s, the system reaches a steady state, and the output voltage ripple is large, too. In addition, with FW-PT control, the system quickly establishes the output voltage due to the full conduction of switches during the excitation phase, and the steady state is reached after about 0.03s. Compared with the first two control methods, the output voltage ripple is smaller and the output voltage has no overshoot due to the limitation of the high duty cycle pulse in the fly-wheeling section.
At 0.1s, the load is changed from 12 to 10 . The output voltage in the case of PT control reaches the steady state after 0.01s, but the voltage ripple is larger than before, which indicates that the traditional PT control is not suitable for the SR power generation system under a variable load environment. Likewise, the time when the output voltage in the case of applying the traditional PI control re-stabilized at 48V is about 0.025s. Moreover, the output voltage derived when applying FW-PT control reaches a steady state after 0.005s (about 2 wave heads) and can maintain a given voltage of 48V with a small output voltage ripple. The above analysis shows that the FW-PT control can start fast, and a fast response can be achieved within a certain range of variable load conditions, and the output voltage has a small ripple at the same time. The results are shown in Table 2 . Figure 19 shows the voltage waveforms of the SR power generation system that the load is changed from 12 to 6 at the instants of starting and changing loads under the traditional PI, PT and the FW-PT controls. The waveforms show the similar results to the first simulation. The results are shown in Table 3 .
As shown in Figure 19 , the waveforms show the similar results to the first simulation. The traditional PT control is not suitable for the SR power generation system under a TABLE 2. The simulation results of the SR power generation system when the load is changed from 12 to 10 under three different control schemes. variable load environment. The traditional PI control has a large overshoot and the robustness is better than PT control. The FW-PT control, which also has great robustness, can achieve a fast response within a certain range of variable load conditions and the output voltage has a small ripple at the same time. Figure 20 shows the control signal of FW-PT control under the situation of variable loads. It can be seen that with the TABLE 3. The simulation results of the SR power generation system when the load is changed from 12 to 6 under three different control schemes. change of loads, the FW-PT control just adjusts the number of P H and P L , which can ensure that the system reaches a steady condition quickly.
The output power P out , which is the difference between the generation power and the excitation power in an electric cycle, can be expressed as
Mean torque T ave , which can be obtained by turning on period θ r and electromagnetic torque T em , is expressed as
System efficiency η for output power P out and the ratio of the mechanical input power P in can be expressed as
The efficiencies of the SR power generation system when the load is changed from 12 to 6 under three different control schemes are shown in Table 4 .
It can be seen form the Table 4 that the efficiency of the SR power generation system with FW-PT control is better than the efficiency of the system with other two control strategies. The above simulation results prove the feasibility of the FW-PT control proposed in this paper. Figure 21 shows the experimental waveforms of the SR power generation system with the traditional PID control. It can be seen that when the system reaches the steady state, the output voltage V 0 is about 48V, there is a large voltage ripple of V 0 , and the amplitude of the phase current is 6A. Figure 21(b) shows the experimental waveforms of control signal, phase voltage and current of phase A, which agrees with the simulation results. Figure 22 shows the experimental waveforms of the SR power generation system with the traditional PT control. It can be seen that the output voltage V 0 can be stabilized at 48V, but there is still a large fluctuation. Compared with the traditional PI control, the output voltage ripple when applying the traditional PT control is smaller than the ripple under the traditional PI control. Figure 22(b) shows the experimental waveforms of control signal, phase voltage and current of phase A, which agrees with the simulation results. Figure 23 shows the experimental waveforms of the SR power generation system with FW-PT control. It can be seen that the output voltage V 0 is stabilized at a given value of 48V and there is almost no ripple. Since the switches are fully turned on in the excited section, the amplitude of phase currents is increased to 12A and the waveforms remain symmetrical. The above analysis shows that the FW-PT control has obvious advantages in suppressing output voltage ripple compared to the traditional PI and PT controls. Figure 23(b) shows the experimental waveforms of control signal, phase voltage and current of phase A, which agrees with the simulation results. Figure 24 shows the experimental waveforms of the output voltage of the SR power generation system with the three control methods. It can be seen that with PI control, the overshoot at the startup phase is large, and the output voltage V 0 reaches the steady state after 0.07s. Likewise, with the traditional PT control, due to the limitation of the high duty cycle pulse PH and the fact that there is no need for network compensation, the output voltage V 0 has a smaller overshoot at the startup phase, and 0.03s is needed to reach the steady state, and ripples still exist. Moreover, with FW-PT control, because the switches are fully turned on during the excitation phase, the SR power generation system can quickly establish the voltage. In the fly-wheeling phase, due to the limitation of the high power pulse P H , the output voltage V 0 has no overshoot, and only 0.025s is needed to reach a stable state and the voltage ripple is almost 0V. Figure 25 shows the experimental waveforms of the output voltage when the load changes in the case of applying the three control methods respectively for the SR power generation system. At time t 1 , the load is abruptly changed from 12 to 10 . It can be seen that with the traditional PI control, after about 0.02s, the system reaches the steady state again, and the output voltage V 0 is stabilized at a given voltage of 48V. Similarly, with the traditional PT control, the system reaches the steady state after about 0.01s, and the voltage ripple is larger than before. Therefore, the traditional PT control does not meet the sudden change of the load of the SR power generation system. Furthermore, with the proposed FW-PT control, due to the full complete conduction in the excited phase, it provides sufficient energy for the fly wheeling of the SRG. Due to the switching of P H and P L , the SR power generation system has a certain capacity of variable loads, and after a short period of time, the output voltage can be re-stabilized at a given voltage of 48V, with a small ripple. The results are shown in Table 5 . Figure 26 shows the experimental waveforms of the SR power generation system that the load is changed from 12 to 6 at the instants of starting and changing loads under the traditional PI, PT and the FW-PT controls. The results are shown in Table 6 .
As shown in Figure 26 , when the load is changed from 12 to 6 , the SR power generation system with PI control can reach the steady state again. The system with PT control has worse robustness than the other two control schemes and the voltage ripple is much larger than before. It is obvious that system with FW-PT control has a certain capacity of variable loads, and after a short period of time, the output voltage can be re-stabilized at a given voltage of 48V, with a small ripple. Figure 27 shows the control signal of FW-PT control with variable loads. The marshalling sequence of PH and P L is changed. After changing the loads, the combination of control signal transforms from ''P L P H P H P L P H P H P H P L P H P L P L P H P H P L P H P H P L P H P L P H P L '' to ''P L P L P H P H P L P L P H P L P L P L P L P H P L P H P L P H P L P L P H P L P L ''. By choosing the different number of P H and P L , the output voltage can be quickly adjusted by using FW-PT control.
V. CONCLUSION
Based on the traditional PT control, the FW-PT control method is proposed in this paper to improve the performance of the SR power generation system. It can be seen through experimental verification that, compared with the traditional SR power generation system with the PID and PT control methods, the FW-PT controlled SR power generation system has the following advantages:
(1) During the excited phase, with the full conduction of switches, the SR power generation system can quickly start and establish the bus voltage, and due to the limitation of the high duty cycle pulse P H and no network compensation, the output voltage has no overshoot.
(2) The FW-PT control method regulates the fly-wheeling currents and selects the high and low duty cycle pulse trains according to the feedback value of the voltage in each phase, which can effectively suppress the ripple of the output voltage.
(3) The SR power generation system with FW-PT control has the good response capacity for variable loads. The number of high and low duty cycle pulse trains are selected according to the change in the load to ensure that the output VOLUME 7, 2019 voltage is maintained at a given value and has better response characteristics.
In spite of the advantages mentioned above, the FW-PT control still needs further study. The optimization of output voltage is accompanied by the reduction of efficiency and application range of FW-PT control is small. Next, further research will be conducted on the above two issues.
WENYUAN ZHANG was born in Shandong, China. He is currently pursuing the M.S. degree in electrical engineering from the China University of Mining and Technology. His current research interests include operation and control of switched reluctance motors, current-sharing control of switched reluctance generators in parallel and novel power converters. He is currently working as a Technical Professional Staff with the Oak Ridge National Laboratory, Power Electronics and Electric Machine Group, TN, USA. His research interests include high power converters for HVDC application, grid integration of renewable energy systems, and wireless charging for electric vehicle application. VOLUME 7, 2019 
